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Using first-principles calculations based on gradient corrected density functional theory, we have
studied the interaction of NH3, H2, and O2 with Ti-benzene complexes 关Ti共Bz兲2 and Ti2共Bz兲2兴. The
energy barriers as the gas molecules approach the Ti-benzene complexes as well as the geometries
of the ground state of these interacting complexes were obtained by starting with several initial
configurations. While NH3 and H2 were found to physisorb on the Ti共Bz兲2 complex, the O2 reacts
with it strongly leading to dissociative chemisorption of the oxygen molecule. In contrast all the gas
molecules react with the Ti2共Bz兲2 complex. These studies indicate that the reaction of certain, but
not all, gas molecules can be used to probe the equilibrium geometries of organometallic complexes.
Under special conditions, such as high pressure, the Ti atom intercalated between benzene
molecules in Ti共Bz兲2 and the Ti2共Bz兲2 complexes could store hydrogen in chemisorbed states. The
results are compared to available experimental data. © 2008 American Institute of Physics.
关DOI: 10.1063/1.2969108兴
I. INTRODUCTION

The interaction between metal atoms and organic molecules has been a topic of great interest in organometallic
chemistry for a long time. However, a fundamental understanding of the structure of these systems and, in particular,
how and where the metal atoms bind to the organic molecules has been difficult to discern due to problems associated with solvents. The ability to make clusters of the organometallic complexes by varying both the number of metal
atoms and organic molecules independently in the gas phase
has made it possible to achieve this understanding. Many
experiments1–6 have been carried out in recent years that
involve mass spectra, fragmentation channels, and electronic
properties of transition and nontransition metal atoms interacting with different organic molecules. Since no experiments in the gas phase are able to directly describe the geometry of these complexes, indirect methods have often been
employed. One such method is the study of the interaction of
clusters with known gases and inferring geometries based on
the reaction products. For example, Kaya and co-workers
described a technique where transition metal-benzene complexes were reacted with NH3. They found that among
Mx共Bz兲y complexes, where M is an early transition metal
atom 共Sc–V兲, those with x = y reacted while those with y = x
+ 1 did not. The authors suggested that these complexes have
a sandwich structure, where the metal atoms are intercalated
between the benzene molecules. For clusters with x = y, one
metal atom is always exposed and hence can react, while for
complexes with y = x + 1, all the metal atoms are sandwiched
between organic molecules and hence they are not exposed
to the reactant molecules. The authors used CO and NH3 as
reacting gases. No theoretical studies have been carried out
to study these reactions and confirm the experimental hypothesis. In addition, it is not clear if this suggestion is universal in the sense that it applies to all reagent gases or is it
0021-9606/2008/129共7兲/074305/8/$23.00

specific to CO and NH3? Pandey et al.7 reported a comprehensive theoretical study of these complexes and confirmed
the sandwich structure. However, no theoretical study has
been reported on the interaction between the reagent gas
molecules and the adsorbed metal atoms in these complexes.
In this paper, we provide the results of a theoretical
study of the interaction of NH3, H2, and O2 molecules adsorbed on Ti共Bz兲2 and Ti2共Bz兲2 complexes. The metalorganic complexes describe two model systems—first, where
one of the metal atoms is exposed, and second, where all the
metals atoms are sandwiched between organic molecules.
The reasons for selecting NH3, H2, and O2 are as follows: 共a兲
calculations on NH3 will complement the experimental
study; 共b兲 H2 molecules are small and steric hindrance may
not be a major obstacle in allowing these molecules to react
with metal atom sandwiched between the benzene molecules. In addition, several studies8–12 have recently shown
the promising ability of metal decorated polymers to store
hydrogen. 共c兲 Most metals exposed to air oxidize. Do the
metal atoms oxidize when they are sandwiched between organic molecules? In the following a detailed study of the
physical and chemical adsorption processes of NH3, H2, and
O2 on Ti-Bz complexes and the reaction paths between different states are presented. In addition to achieving a fundamental understanding of the interaction between the metal
atoms and benzene, the results may shed light on their potential applications.
II. DETAILS OF CALCULATIONS

The calculations of binding energies and equilibrium
structures were carried out using first-principles method
based on the spin-polarized density functional theory
共DFT兲,13,14 as implemented in the Vienna ab initio simulation
package 共VASP兲.15–19 We have employed the projector
augmented-wave method.17,18 The exchange-correlation con-
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tribution to the potential is calculated using the generalized
gradient approximation prescribed by Perdew–Wang
共PW91兲.20,21 The solution of the Kohn–Sham equations is
performed by an efficient matrix diagonalization technique
based on a sequential band-by-band residual minimization
method.16 A supercell with edge length of 18 Å is used in
the calculations, which is large enough to eliminate the interaction between a complex and its periodic images. The
charge density and the local potential are calculated using a
150⫻ 150⫻ 150 mesh. The wave functions are expanded in
a plane wave basis with an energy cutoff of 400.0 eV, which
has been shown to be sufficient for Ti.17–19 Only the ⌫ point
in the supercell is used in the summation of the Brillouin
zone. The optimization is stopped when the forces acting on
each atom reach the force tolerance of 0.02 eV/ Å.
We first discuss the accuracy of the DFT for treating
Ti-benzene complexes since it has been pointed out by
Rabilloud22 that the ground state spin multiplicity of early
transition metal-benzene complexes calculated using multireference configuration interaction 共MRCI兲 calculation is at
odds with those predicted by DFT.7 For example, the spin
multiplicity of VBz complex calculated by Pandey et al.7
using DFT yielded a sextet state ground state, while that
using MRCI22 leads to a quartet state. Note that the energy
difference between adjacent spin multiplicity states is close
in energy and is sensitive not only to approximations in exchange and correlation potential but also to choice of basis
sets. Kandalam et al.23 showed that the ground state of the
VBz complex using Lanl2dz basis set yields a spin quartet
ground state, while that using a 6 – 311 Gⴱⴱ yields a spin
doublet ground state, although both calculations were performed within the framework of DFT. The energy difference
between the two spin states lies in the 0.3 eV energy range.
However, this sextet state conflicts with the results of Yasuike et al.6 Yasuike et al.6 used a configuration-averaged
self-consistent-field method which is similar in concept to
that of the state-averaged multiconfiguration self-consistentfield 共MCSCF兲 method of Rabilloud.22 While both authors
predicted a spin quartet ground state for VBz, the energy
differences between the spin quartet and spin doublet states
are found to be 0.44 eV by Rabilloud and 0.05 eV by Yasuike
et al.6 Using DFT and the projector augmented-wave method
as implemented in the VASP code, we found the VBz ground
state to have a spin doublet electronic configuration, which
agrees with the Gaussian 6 – 311 Gⴱⴱ result of Kanadalam et
al.23 We also calculated the ground state spin multiplicity of
TiBz complex using the method described above. Our computed spin multiplicity of 5 is in good agreement with the
calculation of Yasuike et al.6 who used a quantum chemical
approach. For the Ti共Bz兲2 and Ti2共Bz兲2 complexes studied in
this paper, we calculated them to be singlet and quintet
states, respectively.
To further confirm the accuracy of our method, we calculated the binding energies and structural parameters of
TiH, TiO, TiN, and H2Ti= NH molecules. The interatomic
distances of Ti–H, Ti–O, and Ti–N in the diatomic molecules
are calculated to be 1.75, 1.63, 1.59 Å, and the length of
Ti–H, Ti–N in H2Ti= NH molecule are calculated to be 1.76
and 1.68 Å, respectively. The datum is in good agreement
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with the experimental Ti–O bond length of 1.62 Å.24 The
calculated Ti–H and Ti–N bond lengths in H2Ti= NH molecule also agree well with those calculated using MCSCF
method,25 namely, 1.81 and 1.70 Å. The binding energies of
TiH, TiO, and TiN molecules are calculated to be 2.62, 7.69,
and 5.45 eV, which also agree well with the experimental
values24 of 2.12, 6.97, and 4.93 eV, respectively. These comparisons provide enough confidence in the accuracy of our
computational technique. In addition, we should point out
that while the binding energies and ground state spin multiplicites derived from various theoretical methods may differ,
the equilibrium geometries are seldom sensitive to these
choices. In this paper we are particularly interested in the
structure of TiBz complexes as they react with gas molecules.
III. RESULTS AND DISCUSSIONS

The geometrical structures of Ti-benzene complexes
with adsorbed gas molecules were obtained without imposing any symmetry constraint. For initial configurations we
considered the molecules to bind to the Ti-Bz complexes in
three possible ways: physisorption where the molecule is
weakly bound; molecular chemisorptions where the molecular bonds are slightly stretched and binding is stronger than
that in the physical adsorption state; and dissociative chemisorptions where the binding is the strongest and gas molecules dissociate and bind atomically. The reaction paths between different adsorption states were studied in detail. In
Figs. 1, 3, and 5 we mark these configurations with symbols
P, MC, and DC which represent, respectively, gas molecules
bound in physisorbed state, molecular chemisorbed state and
dissociative chemsorbed state. For each of these states, the
molecules were initially allowed to approach the Ti-Bz complexes along the two different directions; the first one, denoted by symbol V, corresponds to the direction parallel to
the C atom, while the second one, denoted by symbol B,
corresponds to the direction parallel to the C–C bridge.
These starting configurations are marked PB, PV, MCV,
MCB, DCV, and DCB in Figs. 1, 3, and 5. For each of these
starting configurations, we optimized the structures fully
without symmetry constraint. In the following the results for
each of the molecule interaction are discussed separately.
A. NH3 adsorbed Ti-benzene complexes

The optimized geometrical configurations of NH3
adsorbed on Ti共Bz兲2 and Ti2共Bz兲2 complexes are shown in
Figs. 1共a兲–1共j兲, respectively. The binding energies, ⌬E
= E共M xBzy兲 + E共NH3兲 − E共M xBzyNH3兲, for each of the configurations are listed in Fig. 1. Note that positive binding
energy means that the complex is bound while negative binding energy relates to unstable configuration. Energetically
NH3 prefers to bind to Ti共Bz兲2 in the physisorbed state 共see
the configurations marked PV and PB sates兲 with the geometry marked PV having marginally higher binding energy
than that marked PB. The binding energy of the configuration marked PV is 60 meV, while that marked PB is 40 meV.
The molecular chemical adsorption states MCV and MCB as
well as the dissociative chemisorption adsorption states DCV
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FIG. 1. The optimized geometries of NH3 adsorbed on Ti-benzene complexes. The white, the gray, the big black, and the small black balls represent
H, C, Ti, and N atoms, respectively. 共a兲 and 共d兲 are the physisorption states
for Ti共Bz兲2; 共b兲 and 共e兲 are the molecular chemisorption states for Ti共Bz兲2;
共c兲 and 共f兲 are the dissociative chemisorption states for Ti共Bz兲2; 共g兲 and 共i兲
are the molecular chemical adsorption states for Ti2共Bz兲2; and 共h兲 and 共j兲 are
the dissociated chemical adsorption states for Ti2共Bz兲2.

and DCB of NH3 have negative binding energies and hence
are unstable. The interatomic distance between Ti and N in
both PV and PB states is found to be ⬃5.62 Å, which is
much longer than the sum of the atomic radii of N and Ti
atoms 共the atomic radii of Ti, N, and H atoms are 1.40, 0.65,
and 0.25 Å兲.26 This result is in agreement with experimental
finding that NH3 does not interact with TinBzn+1 complexes.
For NH3 interacting with Ti2共Bz兲2, the situation is entirely different. Here both the molecularly chemisorbed and
dissociatively chemisorbed states have positive binding energies. The binding energies of the molecular chemisorption
states, MCV and MCB, are, respectively, 1.11 and 1.02 eV,
while the binding energies of the dissociative chemisorbed
states DCV and DCB are, respectively, 2.18 and 2.15 eV. The
lowest energy configuration of NH3 adsorbed on Ti2共Bz兲2 is
the DCV state and has a spin triplet electronic configuration.
The DCB state has a multiplicity of 1 and lies 30 meV lower
in binding energy than the DCV state. The interatomic distance between N and nearest Ti atom is 1.93 Å, and that
between the top Ti atom and its nearest H atom is 1.75 Å.
These distances are close to the sum of the atomic radii of
corresponding atoms. The dissociative chemisorbed state
NH3 fragments into NH2 and H with the H atom binding to
the top Ti atom. The distance between the H and the N in
NH2 specie is 2.80 Å, which is much longer than that in
NH3 molecule of 1.02 Å.
The physisorption and the molecular chemisorption
states of NH3 on Ti共Bz兲2 complex have their binding ener-
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FIG. 2. Converged minimum energy paths calculated using the elastic band
method. 共a兲 The reaction path between the PV and MCV states for NH3
adsorbed Ti共Bz兲2 complex. The total energy of PV state is used as the
reference, and the interatomic distance between Ti and N atoms is used as
the reaction coordinate; 共b兲 the path between the MCV and DCV states for
NH3 adsorbed Ti2共Bz兲2 complex. The total energy relative to that of MCV
state is plotted, and the deviation of N atom from that of MCV state is
plotted as the reaction coordinate.

gies differ only by about 0.16 eV. Thus by applying the pressure, it may be able to get NH3 molecularly adsorb on
Ti共Bz兲2. To study this possibility, calculations of the energy
barrier between the molecular chemisorption and the physisorption states is needed. We calculated the energy barrier
by using the elastic band method.27–30 In Fig. 2共a兲, we show
the converged results for the reaction path between PV and
MCV states. The interatomic distance between the Ti atom
and the N atom is selected as the reaction coordinate, and the
total energy relative to that of PV state is used to measure the
energy barrier. The energy barrier from the molecularly
chemisorbed 共MCV兲 state to the physisorbed 共PV兲 state is
only 0.14 eV, which could be easily overcome, and hence it
may be difficult to trap the molecule in the MCV state. Thus
in an experiment, once the molecular chemisorbed state is
produced, a small perturbation such as heat could easily allow it to overcome the barrier to PV state, and hence it will
be difficult to observe the binding of NH3 to Ti共Bz兲2 complex. Figure 2共b兲 shows the converged minimum energy path
between MCV and DCV states of NH3 adsorbed on Ti2共Bz兲2
complex. The Ti2共Bz兲2 complex, due to the exposed Ti atom,
reacts with the NH3 molecule. The energy barrier between
the above two states is calculated to be 0.43 eV. This small
barrier can be overcome leading to the formation of the
dissociative chemisorbed state as the final configuration.
Experiment shows that TinBzn complexes are reactive, and
this agrees with our theoretical result.
B. H2 adsorbed Ti-benzene complexes

In Fig. 3, the optimized structures of H2 adsorbed
Ti-benzene complexes are presented. The PV and PB are the
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FIG. 3. The optimized adsorption configurations of H2 adsorbed Ti-benzene
complexes. The white, the gray, and the black balls represent H, C, and Ti
atoms, respectively. 共a兲 and 共d兲 are the physisorption states for Ti共Bz兲2; 共b兲
and 共e兲 are the molecular chemical adsorption states for Ti共Bz兲2; 共c兲 and 共f兲
are the dissociative chemisorption states for Ti共Bz兲2; 共g兲 and 共i兲 are the
molecular chemical adsorption states for Ti2共Bz兲2; and 共h兲 and 共j兲 are the
dissociative chemisorption states for Ti2共Bz兲2.

energetically preferred where H2 is physisorbed on Ti共Bz兲2.
Unlike the NH3, the different configurations do not affect the
binding energies of H2 which are about 20 meV in physisorption states due to its small size. The states corresponding to molecular chemisorption or dissociative chemisorption
are higher and the structure of Ti共Bz兲2 undergoes distortion.
These chemisorption states have negative binding energies
and hence are unstable. The interatomic distances between Ti
atom and the H atom are 4.82 Å in the PV state and 4.52 Å
in the PB state. The bond length of hydrogen molecule is
0.75 Å, while the bond length is elongated to ⬃0.82 Å in
MCV and MCB configurations, and to ⬃2.10 Å in DCV and
DCB configurations.
Analogous to that of NH3, the equilibrium structure of
H2 interacting with Ti2共Bz兲2 complex is very different from
that of Ti共Bz兲2. There are no physisorbed states and the H2
molecule is chemisorbed either molecularly or disssociatively with the later being lower energy configuration. The
molecular chemical adsorption states 共MCV and MCB
states兲 have binding energies of ⬃0.36 eV, while the binding energies of the dissociative chemisorption states 共DCV
and DCB states兲 are ⬃1.12 eV. The ground state spin multiplicity for the DCV state is 3 and that for the DCB state is
1. The interatomic distances of the hydrogen molecule in the
MCV and MCB states are about 0.86 Å, while that in the
DCV and DCB states are ⬃2.97 Å. The distances between
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FIG. 4. Converged minimum energy paths calculated using the elastic band
method. 共a兲 The reaction path between the PV and MCV states for H2
adsorbed Ti共Bz兲2 complex. The total energy of PV state is used as the
reference, and the distance between Ti and the center of H–H bond is used
as the reaction coordinate; 共b兲 the path between the MCV and DCV states
for H2 adsorbed Ti共Bz兲2 complex. The total energy of MCV state is the
reference, the H–H bond length is the reaction coordinate; 共c兲 the reaction
path between the MCV and DCV states for H2 adsorbed Ti2共Bz兲2 complex.
The total energy relative to that of MCV state is plotted, and the H–H bond
length is plotted as the reaction coordinate.

the top Ti atom to the H atoms are ⬃1.95 Å in MCV and
MCB configurations and ⬃1.77 Å in DCV and DCB configurations.
We have calculated the energy barriers between the PV
and MCV states and between the MCV and DCV states by
applying the elastic band method. The results are shown in
Fig. 4. In Fig. 4共a兲 the total energy relative to that of the PV
state for H2 adsorbed on Ti共Bz兲2 is plotted as a function of
the reaction coordinate taken as the distance between the
center of H–H bond and the Ti atom. The energy barrier for
the MCV state to cross over to the PV state is 0.13 eV, while
for transition of the PV state to the MCV state is 0.32 eV.
These data show that under special experimental condition,
the H2 molecule could be stored in the chemisorbed state and
can be released only after a small perturbation.
In Fig. 4共b兲, we present the reaction path between MCV
and DCV states for H2 adsorbed on the Ti共Bz兲2 complex.
The total energy of MCV state is used as a reference. The
distance between the two H atoms is again used as the reaction coordinate. The results clearly show that the energy bar-

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
128.172.48.58 On: Mon, 12 Oct 2015 20:47:43

074305-5

Interaction of gas molecules with Ti-benzene complexes

riers for the transition from MCV to DCV and the reverse
transition are 0.45 and 0.08 eV, respectively, which suggests
that the hydrogen could be stored in dissociative chemical
adsorption state under special conditions and the stored
hydrogen could be released easily.
The converged reaction path between MCV and DCV
states of H2 adsorbed on Ti2共Bz兲2 complex is shown in
Fig. 4共c兲. The MCV state is used as the reference and the
relative total energy is used to measure the energy evolution.
The reaction coordinate is chosen as the distance between the
two H atoms. The exposed Ti atom is reactive and incoming
H2 binds to the top Ti atom. As shown by our structural
optimization study, the dissociative chemisorbed state of H2
is the ground state, and the reaction process would release
much heat due to the high binding energy. The incoming
hydrogen molecule could bind in the molecular chemisorbed
state and would transit to the final product of dissociative
chemisorbed state by overcoming an ⬃0.20 eV energy barrier. The reverse process for releasing the hydrogen atoms
adsorbed onto the Ti atom in DCV state has an ⬃1.0 eV
energy barrier. The study of the reaction path shows that the
H2 could be easily bind dissociatively to the exposed Ti
atom, but it will be hard to release it. It is possible that
successive H2 molecules to be bound to the exposed Ti atom
with binding energies that will depend on of the number of
attached molecules.
We have studied the dynamical properties of the above
mentioned states by performing first-principles molecular
dynamics 共MD兲 simulation as implemented in VASP code. A
microcanonical ensemble was used and the simulation lasted
for 1 ps. We started the MD simulations at 500 K for the
MCV and DCV states of H2 adsorbed on Ti共Bz兲2, and for the
MCV state of H2 adsorbed on Ti2共Bz兲2 共see the configurations shown as inserts in figure Fig. 4兲. The H2 in molecular
chemisorption state MCV on Ti共Bz兲2 flies away from the Ti
atom and finally converges to the physisorption state PV during the simulation. The DCV state for H2 adsorbed on
Ti共Bz兲2 first evolves to the intermediate state MCV and then
goes to the final product of the physisorption state PV. These
results agree very well with our minimum energy path search
which predicts that the energy barriers for the transitions
from MCV to PV and DCV to MCV states for H2 adsorbed
on Ti共Bz兲2 complex are small and can be overcome at elevated temperatures. Similarly, the small energy barrier between the MCV and DCV states for H2 adsorbed on Ti2共Bz兲2
complex did not allow the MCV state to remain during the
MD simulation. We also carried out MD simulation at 1500
K to further check the stability of the DCV state for H2
adsorbed on Ti2共Bz兲2 complex. Due to the high energy barrier found in our minimum energy path search, hydrogen
atoms were trapped in the DCV state on the potential surface
during the simulation. This suggests that it is hard to release
hydrogen adsorbed in the dissociative chemisorption state
DCV on a Ti2共Bz兲2 complex.
The above results show that H2 and NH3 can both be
used to shed light on the structure of T-Bz complexes.
TinBzn+1 complexes are not reactive while TinBzn complexes
react. This establishes liner sandwich structures for these
complexes.

J. Chem. Phys. 129, 074305 共2008兲

FIG. 5. The optimized geometries of O2 adsorbed Ti-benzene complexes.
The small white, the big white, the gray, and the black balls represent H, O,
C, and Ti atoms, respectively. 共a兲 and 共d兲 are the physisorption states for
Ti共Bz兲2; 共b兲 and 共e兲 are the molecular chemisorption states for Ti共Bz兲2; 共c兲
and 共f兲 are the dissociative chemisorption states for Ti共Bz兲2; 共g兲 and 共i兲 are
the molecular chemisorption states for Ti2共Bz兲2; and 共h兲 and 共j兲 are the
dissociative chemisorption states for Ti2共Bz兲2.

C. O2 interacting Ti-benzene complexes

Finally, we have studied the reaction of O2 molecules
with Ti-Bz complexes. The results are given in Fig. 5. The
O2 molecule first physisorbs on the Ti共Bz兲2 complex. In this
state both PV and PB configurations gain ⬃0.10 eV binding
energies. The configuration PB is a little higher in binding
energy than the PV configuration. The highest binding energy state, however, is the dissociative chemisorption state.
The O2 molecule dissociates and the O atoms bind to the Ti
atom in Ti共Bz兲2 complex. The different configurations DCV
and DCB have the same binding energies of 5.09 eV and the
same spin singlet ground state. The molecular chemical adsorption states MCV and MCB for O2 adsorbed Ti共Bz兲2 also
have intermediate binding energies of 1.87 and 2.05 eV, respectively. The Ti–O distances are about 4.79, 1.92, and
1.68 Å in physisorption states, molecular chemisorbed
states, and dissociative chemisorbed states, respectively. The
O–O bond length is elongated from 1.26 Å in physisorbed
state to 1.45 Å in molecular chemisorbed states, and finally
reaches the 2.75 Å in dissociative chemisorption states. The
length of O–O bond in the molecular chemisorbed state,
namely, 1.45 Å, agrees very well with the peroxo bond of
1.45 Å in the TiO2 complex.31 The chemisorbed configuration of Ti共Bz兲2 complex experiences the largest distortion.
Figures 5共g兲–5共j兲 show the structures of O2 adsorbed
onto the top Ti atom of Ti2共Bz兲2 complex. The molecular
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chemisorptions states MCV and MCB have higher binding
energies than those of Ti共Bz兲2 complex, which are
⬃5.11 eV on average. The dissociative chemisorption states
DCV and DCB have the largest binding energies of 8.00 eV.
The interatomic distances between two O atoms are 1.49 and
2.79 Å for the molecular chemisorption state and the dissociative chemisorption states, respectively. The ground state
spin multiplicities of the DCV and DCB states are singlet.
The best O2 adsorption state on Ti-benzene complex is
the dissociated chemisorbed state. To understand the oxidation process of Ti-benzene complex, we have performed detailed calculations using the elastic band method of the minimum energy paths between the PB and MCB states and the
MCB and DCB states for O2 adsorbed Ti共Bz兲2 complex and
between the MCB and DCB states for O2 adsorbed Ti2共Bz兲2
complex. The total energy was found to decrease smoothly
starting from the PB state toward the MCB state for O2 on
Ti共Bz兲2. However, the converged results did not show any
energy barrier. We therefore carefully double checked the PB
state for O2 on Ti共Bz兲2 and confirmed that O2 could exist in
the physisorbed state. While a dense image elastic band calculation could be used to calculate the barrier, it is computer
intensive. Therefore, we estimated the barrier by interpolating 31 points between the PB and MCB states on potential
surface and calculating the total energy of each image while
keeping the position of the atoms fixed. The energy barrier is
estimated to be only 0.06 eV for transition from the PB state
to the MCB state. Since the interpolation method could overestimate the barrier, the real energy barrier could be very
small, and the physisorbed state of the O2 molecule would
evolve to the chemisorbed state almost spontaneously.
In Fig. 6共a兲 we plot the converged results based on the
elastic band method between the MCB and DCB states for
O2 adsorbed on Ti共Bz兲2 complex. The total energy of MCB
state is shifted to zero, and the relative energy is plotted as a
function of the reaction coordinate which is the interatomic
distance between two O atoms. The energy barrier is about
0.31 eV from the MCB state to the DCB state. So, a small
perturbation could drive the molecularly chemisorbed O2
molecule to dissociate into two separate oxygen atoms and
bind to the Ti atom directly. The binding energies of the PB
and DCB states are 0.11 and 5.09 eV, respectively. So, much
heat would be released during the reaction.
For adsorption of O2 on the Ti2共Bz兲2 complex, our calculation again shows that there is no physisorbed state. The
incoming O2 could be attached to the top Ti atom and release
more than 5 eV energy. Figure 6共b兲 presents the minimum
energy path obtained by elastic band method for the evolution from the molecular chemisorption state MCB to the dissociative chemisorbed state DCB for O2 adsorbed on
Ti2共Bz兲2 complex. The total energy relative to that of the
MCB state is plotted. The reaction coordinate is the interatomic distance between two O atoms. One can see from the
figure that the energy barrier is about 0.31 eV for the MCB
state transitioning to the DCB state. Therefore, once the O2
molecule is added to the Ti2共Bz兲2 complex, it would dissociate fast under a small perturbation. It is likely that when the
incoming O2 molecule goes into the molecularly chemisorbed state, the heat released in the process would cause the

FIG. 6. Converged minimum energy paths calculated using the elastic band
method. 共a兲 The reaction path between the MCB and DCB states for O2
adsorbed Ti共Bz兲2 complex. The total energy of MCB state is used as the
reference, and the O–O bond length is used as the reaction coordinate; 共b兲
the path between the MCB and DCB states for O2 adsorbed Ti2共Bz兲2 complex. The total energy relative to that of MCB state is plotted, and the O–O
bond length is plotted as the reaction coordinate.

oxygen molecule to dissociate. The whole reaction would
release about 8 eV energy as the incoming free oxygen molecule dissociates chemisorbs.
D. Electronic structure

In Fig. 7共a兲, we plot the total density of states 共DOS兲 of
Ti共Bz兲2. The DOSs for the NH3, H2, and O2 adsorbed on
Ti共Bz兲2 complexes corresponding to the highest binding energy structures are plotted in Figs. 7共b兲–7共d兲, respectively.
Similarly the DOS of Ti2共Bz兲2 and those with NH3, H2, and
O2 adsorbed Ti2共Bz兲2 complexes are shown in
Figs. 7共e兲–7共h兲, respectively. The dotted lines mark the
Fermi energies.
The band gap between the highest occupied molecular
orbital 共HOMO兲 and the lowest unoccupied molecular orbital
共LUMO兲 is 0.94 eV for the bare Ti共Bz兲2 complex. The
Ti2共Bz兲2 complex due to the top Ti atom has zero band gap,
which suggests that it should be more reactive. The NH3 and
H2 do not chemisorb on Ti共Bz兲2, however, they do react with
the top Ti atom in Ti2共Bz兲2. For the weak van der Waals
interaction, physisorption of NH3 and H2 on Ti共Bz兲2 does not
alter its DOS much and the band gaps of NH3 and H2 adsorbed on Ti共Bz兲2 complexes are 0.95 and 0.94 eV, respectively. The highest binding energy state for O2 adsorbed
Ti共Bz兲2 is the dissociative chemisorbed state. The binding of
oxygen to the titanium significantly affects the electronic
properties of Ti共Bz兲2. The band gap between HOMO and
LUMO is enlarged to 2.0 eV. We have checked the band
energies of the LUMO bands of freestanding NH3, H2, and
O2 molecules, which are −0.82, −0.01, and −4.96 eV, re-
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IV. CONCLUSIONS

FIG. 7. DOS of 共a兲 Ti共Bz兲2 complex and those 关共b兲–共d兲兴 corresponding to
the highest energy configurations of NH3, H2, and O2 molecules adsorbed
Ti共Bz兲2 DOS of 共e兲 Ti2共Bz兲2 complex and those 关共f兲–共h兲兴 corresponding to
the highest binding energy configurations of NH3, H2, and O2 molecules
adsorbed Ti2共Bz兲2.

spectively. When these molecules interact with the Ti atom,
the valence electrons of Ti overlap with the LUMO orbital.
The more negative is the LUMO band energy, more likely it
is for the electron to be trapped in these orbitals. Among the
above molecules, O2 has the lowest LUMO orbital, and as it
interacts with the Ti atom, it binds strongly with the valence
electron of the Ti atom. The oxygen molecule, therefore, is
more reactive toward the Ti atom and is an important factor
in understanding the different adsorption states.
As shown in Fig. 7共e兲, the Ti2共Bz兲2 complex has a band
gap of only 0.10 eV which accounts for its higher reactivity.
We studied the band decomposed charge density of the
HOMO band, which shows that the HOMO charge is mainly
distributed around the top Ti atom which acts as a reactive
site where the incoming species chemically adsorb. The
NH3, H2, and O2 molecules are found to attach to the top Ti
atom in dissociative chemisorbed states and release about 2,
1, and 8 eV energies, respectively. One can see from
Figs. 7共f兲–7共h兲 that the dissociative chemisorbed states of
NH3, H2, and O2 do not alter the band gaps much. The band
gaps are 0.43, 0.11, and 0.40 eV, which shows that these
materials are still reactive. Thus, they could adsorb more
NH3, H2, or O2 molecules. We first checked the active adsorption site by putting a hydrogen atom on either top of the
Ti atom or on the center Ti atoms of the Ti2共Bz兲2 complex
where NH3, H2, or O2 are dissociatively adsorbed. The structures were fully relaxed. Our results show that the hydrogen
atom binds stronger to the top Ti atom, which suggests that
the top Ti atom is still reactive. Additional NH3, H2, and O2
molecule were placed on the on-top Ti atom of the Ti2共Bz兲2
complex already bound to NH3, H2, or O2 in dissociative
adsorbed state. The optimized results show that they could be
adsorbed in chemisorption state. This agrees very well with
the picture arrived from a band gap analysis.

Based on our detailed first-principles calculations, we
found that NH3, H2, and O2 molecules react with Ti2共Bz兲2
complex, but are unreactive toward Ti共Bz兲2 complex. On the
other hand, oxygen reacts with both Ti共Bz兲2 and Ti2共Bz兲2
complexes. There are no physisorption states for NH3, H2,
and O2 interacting with the exposed Ti atom of the Ti2共Bz兲2
complex. They first bind in the molecularly chemisorbed
state and the transit to the dissociative chemisorption state
after overcoming a small energy barrier. The energy barriers
for such transitions are about 0.43, 0.20, and 0.32 eV for
NH3, H2, and O2 adsorbed Ti2共Bz兲2, respectively. The binding energies for the ground states of NH3, H2, and O2 adsorbed Ti2共Bz兲2 are 2.18, 1.14, and 8.00 eV, respectively.
Only O2 reacts with the Ti atom in the Ti共Bz兲2 complex. The
reaction energy barriers for the O2 transitioning from the
physisorbed state to the molecularly chemisorbed state, and
then to the final dissociative chemisorbed state, are about
0.06 and 0.51 eV, respectively. The final product of O2 adsorbed Ti共Bz兲2 has a binding energy of 5.09 eV. NH3 and H2
prefer the physisorbed states on Ti共Bz兲2 complex, whose
binding energies are about 0.06 and 0.11 eV, respectively.
Indicated by our minimum energy path search, under special
conditions such as the high pressure, one may store hydrogen
in chemisorbed states on Ti共Bz兲2 complex. The energy barriers for transition of H2 from physisorbed to the molecularly
chemisorbed state, and then to the dissociative chemisorbed
state, are about 0.32 and 0.45 eV, respectively. The reverse
reaction to release hydrogen needs to overcome about 0.08
and 0.13 eV barriers for the transitions from the dissociative
chemisorption state to the molecularly chemisorbed state and
then to the physisorbed states. In Ti2共Bz兲2 complex, the first
incoming molecule would reach the dissociative chemisorption state with two isolated H atoms attached to the top Ti
atom. However, the release of these hydrogen atoms needs to
overcome a large barrier of about 1 eV. Upon adsorption of
hydrogen around the top Ti atom, the center Ti atom can
attach hydrogen in a manner similar to the center Ti atom in
Ti共Bz兲2 complex. Therefore, under special condition, the
Ti2共Bz兲2 could also store hydrogen by adsorbing H2 around
the sandwiched Ti atom. The physisorption of NH3 and H2
on the Ti共Bz兲2 complex has little effect on the DOS of the
metal-benzene complex due to the weak van der Waals interaction. The chemisorption of O2 on Ti共Bz兲2 induces a large
distortion of the structure, consequently changing its DOS
and opening a band gap of about 2 eV. The band gaps of the
NH3, H2, and O2 adsorbed Ti2共Bz兲2 complexes are still very
small, showing their reactivity.
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